Pattern-recognition receptors (PRRs) play a key role in innate immunity against intracellular bacteria. NOD2 is one of the PRRs that contribute to the immune response to Mycobacterium tuberculosis infection. We sequenced coding regions of the NOD2 gene in 377 African Americans with tuberculosis (TB) disease and 187 ethnically matched control subjects. Three common nonsynonymous single-nucleotide polymorphisms-Pro268Ser, Arg702Trp, and Ala725Gly-demonstrated significant associations with TB disease. This finding may contribute to the future development of immunotherapy and immunoprophylaxis for TB disease.
Tuberculosis (TB) disease caused by Mycobacterium tuberculosis accounts for 1.7 million deaths worldwide each year and for decades has been the most deadly infectious disease [1] . TB control measures have been complicated by the increased prevalence of drug-resistant M. tuberculosis and of coinfection with M. tuberculosis and HIV [2, 3] . Alternative strategies for TB treatment and prevention are eagerly needed, and they depend in part on a better understanding of the molecular mechanisms of the interaction between human immunity and M. tuberculosis [4] .
M. tuberculosis is an intracellular pathogen capable of surviving and persisting within host immune cells. In most cases, human adaptive immunity can confine the infection to a latent state (disease free). Only 10% of infected individuals develop active TB disease [5] . Successful eradication of M. tuberculosis infection depends on rapid activation of macrophages and T lymphocytes [6] . Macrophages are activated through the recognition of mycobacterial components by pattern-recognition receptors (PRRs). Toll-like receptors (TLRs) and nucleotidebinding oligomerization domains are considered to be major extracellular and intracellular PRRs for recognition of M. tuberculosis and its components [7] . Studies have shown that mutations in certain TLRs may be associated with susceptibility to TB [8, 9] . A recent study demonstrated that human NOD2, together with its signaling pathway, is an independent recognition mechanism against mycobacterial infection [7] . In that study, macrophages from NOD2 knockout mice produced a significantly lower level of cytokines than did control cells. In line with this finding, macrophages isolated from human subjects homozygous for the 3020insC mutation of NOD2 produced 65%-80% fewer cytokines after stimulation with M. tuberculosis than did individuals heterozygous or homozygous for the wild genotype of this variant [7] . More interestingly, the NOD2 ligand muramyl dipeptide (MDP) had a strong synergistic effect on tumor necrosis factor production induced by TLR2 ligand, the 19-kDa lipoprotein of M. tuberculosis. This synergism was lost in individuals homozygous for the NOD2 3020insC mutation or macrophages harvested from Tlr2 knockout mice [7] . This finding suggests that cross-talk occurs between the 2 PPRs systems during recognition of M. tuberculosis. In light of these findings, we hypothesize that amino acid-altering polymorphisms in NOD2 may contribute to human genetic susceptibility or resistance to TB disease.
Methods. Three hundred and seventy-seven adult African American patients with TB (mean Ϯ SD age, 46.5 Ϯ 12.9 years; 68.5% male) without a history of immunosuppressive conditions or diabetes were identified in the Houston Tuberculosis Initiative database, including 312 patients with pulmonary TB (286 who were culture positive for M. tuberculosis), 43 with extrapulmonary TB (33 culture positive), and 22 with both pulmonary and extrapulmonary TB (21 culture positive). In the patients who were culture negative for M. tuberculosis, TB was diagnosed on the basis of clinical manifestations, chest X-ray results, and clinical improvement in response to antimycobacterial treatment according to guidelines from the American Thoracic Society [10] . One hundred and eighty-seven adult African Americans (mean Ϯ SD age, 45.4 Ϯ 10.6 years; 76.7% male) without a history of TB, autoimmune disease, or other infectious diseases were recruited from local hospitals and clinics as control subjects for this study. All case patients and control subjects were seronegative for HIV. Race/ethnicity was determined for each individual by self-identification. Informed consent was obtained from each case patient and control subject. This study was approved by the Institutional Review Board of the Baylor College of Medicine and its affiliated hospitals. Genotypic frequencies between the case patients and control subjects were compared using a 2 test for 2-by-2 contingency tables with Epi Info software (version 3.4.1; Centers for Disease Control and Prevention). P Ͻ .05 was considered to indicate statistical significance.
DNA samples were extracted from human whole blood by use of the Nucleon DNA extraction and purification kit (Amersham International and Scotlab). The NOD2 gene coding regions (consisting of 12 exons) were amplified by use of 12 paired polymerase chain reaction (PCR) primers. The PCR products were sequenced on an ABI 3730 XL DNA analyzer by use of Big Dye Terminator (version 3.1; PE Applied Biosystems). All raw data were assembled and analyzed independently by 2 individuals blinded to the analyses. The data were compared and the few discrepancies resolved. This procedure resulted in a data set of high quality, which has been documented in a previous study [9] .
Results. Analysis of sequence variation in the coding regions of the NOD2 gene in the 377 African American case patients with TB and the 187 control subjects identified 56 sequence variants, including 30 nonsynonymous polymorphisms (NSPs) (altering the primary amino acid sequence) and 26 synonymous single-nucleotide polymorphisms (sSNPs) (not resulting in an amino acid replacement). Most polymorphic sites were single-nucleotide polymorphisms (SNPs) (55/56 variants), reflecting lower than average indel polymorphism [11] . Transition substitutions were more prevalent (41/55 [74.5%]) than transversions (14/55 [25.5%]) among these SNPs, a result consistent with other studies of human DNA sequence variation [11] . All polymorphic nucleotide sites present in the NOD2 gene were biallelic. An allele frequency of 1% was used as the cut-off point defining common (Ͼ1%) and rare (1%) variants in this study. Eleven SNPs, including 5 sSNPs (Gln101, Ser147, Arg587, Gln672, and Gln694) and 6 NSPs (Ala140Thr, Pro268Ser, Arg702Trp, Arg708His, Ala725Gly, and Val955Ile), were commonly found (minor allele frequency, Ͼ0.01) in our study population. Genotypic frequencies of each common NSP were compared between the case patients and control subjects (table 1) . Three of the 6 common NSPs (Pro268Ser, Arg702Trp, and Ala725Gly) demonstrated significant associations with TB disease. Minor allele carriers (heterozygous and homozygous) of Pro268Ser and Arg702Trp presented decreased risks for TB disease, with odds ratios (ORs) of 0.55 (95% confidential interval [CI], 0.32-0.94; P ϭ .02) and 0.27 (95% CI, 0.08 -0.88; P ϭ .01), respectively. Conversely, the minor allele carrier NOTE. Genotypic frequencies were compared between the case patients and control subjects by use of a 2 test for 2-by-2 contingency tables with Epi Info software (version 3.4.1). CI, confidence interval; OR, odds ratio.
(heterozygous) of Ala725Gly showed an increased risk for TB disease, with an OR of 2.16 (95% CI, 1.10 -4.72; P ϭ .03).
Because of the low frequencies of rare allelic variants and the finding of an association between rare NSPs in the TLR1-TLR6-TLR10 gene cluster and human TB disease [9] , we pooled all rare NSPs of NOD2 and compared the frequencies of rare alleles between case patients and control subjects (table 2). Rare NSPs in NOD2 were not significantly overrepresented in the African American case patients relative to the control subjects (OR, 1.11 [95% CI, 0.60 -2.05]; P ϭ .72).
Discussion. The Pro268Ser polymorphism caused an amino acid change from proline to serine. Proline is the only amino acid that is cyclic and can exist in both cis and trans configurations. The nonpolar and aliphatic proline is unable to contribute hydrogen bonds to protein structures; thus, it is considered to be a structural disrupter because of its inability to stabilize ␣ helices or ␤ sheets and because it is frequently found in the turns of peptide chains. On the other hand, serine is polar, not cyclic, and possesses a high capacity to form hydrogen bonds. The change from the restrictive proline to the more supportive serine may further stabilize the NOD2 protein structure. Similarly, the Arg702Trp polymorphism caused an amino acid change from a low hydrophobic arginine to a highly hydrophobic tryptophan, which may also significantly improve the stability of the NOD2 structure or its interaction with M. tuberculosis ligands. As a result, both the Pro268Ser and Arg702Trp variations may be favorable and protective against TB disease by enhanc- NOTE. The total occurrences of rare nonsynonymous polymorphisms (NSPs) were compared between case patients and control subjects by use of a 2 test for 2-by-2 contingency tables with Epi Info software (version 3.4.1). P Ͻ .05 was considered to indicate statistical significance. CI, confidence interval; OR, odds ratio.
ing the NOD2 functionality as a MDP sensor. Conversely, the Ala725Gly polymorphism, which showed increased susceptibility to TB disease, may be caused by the decrease in amino acid hydrophobicity from alanine to glycine. Previous studies have shown that the 3020insC mutation in NOD2 has been correlated to deficient MDP sensing in patients with Crohn disease [12] . Further studies are necessary to elucidate the functional importance of these 3 common NSPs.
Populations of European origin are believed to have a high level of resistance to M. tuberculosis infection because of the intensive natural selection process that has occurred over the last 300 years since the Industrial Revolution [13] . Stead et al. have reported that European Americans have at least a 2 times lower risk of M. tuberculosis infection, compared with African Americans [13] . Our previous study demonstrated that the IL8 Ϫ251A allele, a protective allele against TB disease in the human interleukin-8 gene, is much more common in European Americans than in African Americans [14] . Population-genetics data from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) suggest that the protective alleles of Pro268Ser, Arg702Trp, and Ala725Gly are more common in Europeans than in Africans. For example, the protective T allele of Pro268Ser has frequencies of ϳ0.28 to 0.54 in European heritages, compared with 0.02 to 0.12 in African heritages. These data provide additional evidence for the possible association between NOD2 variants and human genetic susceptibility to TB disease as well as for the genetic basis of racial differences in susceptibility to TB disease.
In conclusion, in the present case-control study 3 common nonsynonymous variants of the NOD2 gene presented significant associations with human genetic susceptibility to TB disease within an African American population in Houston, Texas. This finding needs to be confirmed in a variety of ethnic populations. A complementary study design using family-based control subjects and the transmission/disequilibrium test should also be considered to eliminate the possible bias due to population stratification that may occur in some population-based case-control studies. Studies have shown that, when NOD2 with the 3020insC mutation was overexpressed, the NF-kB pathway was activated as well as wild-type NOD2 [12] . These findings, along with further supportive research in NOD2, may provide more insights that will aid in the development of immunotherapy and immunoprophylaxis for TB disease.
